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ABSTRACT Affinity maturation of IgG antibodies in
adaptive immune responses is a well-accepted mechanism to
improve effector functions of IgG within 2 weeks to several
months of antigen encounter. This concept has been defined
mainly for IgG responses against chemically defined haptens.
We have evaluated this concept in a viral system and analyzed
neutralizing IgG antibody responses against vesicular stoma-
titis virus (a close relative of rabies virus) with a panel of
monoclonal antibodies obtained early (day 6 or 12) and late
(day 150) after hyperimmunization. These neutralizing IgG
antibodies recognize a single major antigenic site with high
affinities (Ka of 108-1010 litermol-1) and with rapid on-rates
already on day 6 of a primary response and with no evidence
for further antigen dose- and time-dependent overall improve-
ment of affinity. This type of IgG response is probably rep-
resentative for viruses or bacterial toxins which are crucially
controlled by neutralizing antibodies.

Studies with chemically defined small antigenic determi-
nants-i.e., haptens-linked to a carrier protein have shown
that during the immune response the late antibodies exhibit
higher affinities (1) and faster on-rates (1-6) than early IgG
antibodies. However, affinity maturation of an IgG antibody
response taking more than a week may not be efficient enough
against bacterial toxins or those cytopathic viruses where
neutralizing antibodies are essential for protection, because
too few antibodies may be generated too late (7-9).

Vesicular stomatitis virus (VSV) is closely related to rabies
virus and can infect many species; it may cause a paralytic
disease after experimental peripheral infection in mice (10,
11). Neutralizing IgG antibody responses specific for the viral
glycoprotein of rabies virus or VSV are necessary for and
efficient in protecting vertebrate hosts against infection (12-
15). Interestingly, naive specific pathogen-free or convention-
ally kept mice generate T-cell-independent neutralizing IgM
antibodies very early after infection, by day 3 or 4 (16, 17); the
strictly T-cell-dependent (18) switch to IgG is observed by days
6-8. This represents a truly primary response, since VSV-
primed mice exhibit an accelerated IgG response by days 2-4.
High neutralizing titers of 10-4 to 10-5 are reached by days
9-12 after a primary infection and usually stay rather constant
for >6 months.
The present study attempted to assess the time- and dose-

dependent neutralizing antibody responses against VSV [sub-
strain Indiana (Ind)]. These analyses revealed that neutralizing
antibodies recognized only one major antigenic site on the
viral glycoprotein. A panel of monoclonal neutralizing anti-
bodies derived from various immunization protocols by vary-
ing time and antigen doses were used to measure and compare
affinities, on-rates, and neutralizing activities. The means and
ranges of these values were already high on day 6 and did not
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change by more than a factor of 2-3 independent of virus dose
and time after infection.

METHODS
Affinity Measurement. Affinity was determined directly

from the hybridoma supernatants by an ELISA method (19,
20). Briefly, antibody concentration of the supernatants was
determined with subclass-specific anti-mouse IgG antibodies
with a mouse myeloma IgG subclass standard. To determine
the affinity, ELISA plates were coated with purified VSV at
three different densities, and antibody concentrations leading
to half-maximal absorbance were determined. By using three
different antigen densities in the solid-phase assay, it was
possible to extrapolate the antibody input concentration
needed for half-maximal binding to a situation where the
antibody concentrations and input concentrations were equal
(for details, see ref. 20). The affinity of some monoclonal
antibodies was also measured in solution by a competition
assay (17, 21).

Neutralizing-Activity Measurement. The neutralizing activ-
ity was measured and standardized for the antibody concen-
tration of 1 jig/ml (22).
On-Rate Measurement. The second-order on-rate (k.n) was

determined by measuring the velocity of virus neutralization.
Antibody concentrations neutralizing VSV completely in the
standard neutralization assay were incubated with VSV(Ind)
for 90, 60, 40, 30, 20, 15, 10, or 5 min and plaqued on Vero cells.
To simplify the evaluation, conditions were chosen to obtain
a pseudo-first-order reaction, by keeping antibody in excess-
i.e., antibody concentrations did not change during the mea-
surement. Linear plots were obtained when the logarithm of
residual plaque-forming units (pfu) was plotted against the
time of coincubation. By linear regression, the slope of this line
was evaluated (kapp). By dividing kapp by the antibody concen-
tration, kon was calculated. To improve the measurements, kapp
was determined for several antibody concentrations and kon
was calculated from the mean.

Epitope Mapping. Epitopes were defined by using mouse or
rat monoclonal antibodies on VSV-infected Vero cells. In-
fected cells were incubated for 30 min with a mixture of com-
petitor mouse monoclonal antibody (IgGl, VI 7) used at near
saturation and a panel of mouse IgG2a antibodies that were
detected with a labeled IgG2a-specific second antibody. Alter-
natively, a panel of rat monoclonal IgG antibodies was mixed with
competitor murine monoclonal antibody VI 24, 22, or 48 and
staining was performed with a rat-specific goat antibody for flow
cytofluorometric analysis.
Only those rat and mouse antibodies which were displaced

>50% by the competing antibody were considered to be com-
petitively inhibited significantly. To assess competition of a
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mouse monoclonal antibody against a rat polyclonal anti-
VSV(Ind) serum, the latter was preadsorbed for 18 hr at 40C
on 4 x 107VSV(New Jersey)-infected Vero cells to remove all
crossreactive nonneutralizing antibodies, leaving the neutral-
izing antibodies in solution. The VSV(Ind)-infected Vero cells
were first incubated with an excess of the competitor (mono-
clonal antibody VI 48) and then incubated with rat polyclonal
antiserum, washed, and stained with a fluorescein-labeled goat
anti-rat antibody.

Preparation of Fab Fragments. Fab fragments were pre-
pared by digestion with papain (23). Since one antibody mol-
ecule with two binding sites leads to two Fab fragments with
one binding site, the molar concentration of active sites in the
antibody solution before digestion is the same as the concen-
tration of Fab fragments after digestion. Three independent
Fab preparations of the same monoclonal antibody (VI 24)
were analyzed with identical results.

Scatchard Analysis. The following equation was used: (OD/
ODmax)/antibody concentration = 1/Kd - (OD/ODmax)/Kd.
OD and ODmax were corrected for background; OD/ODmax
represents saturation. We plotted in the Scatchard plots sat-
uration/antibody concentration on they axis vs. saturation on
the x axis. We do not know the actual free concentrations of
antibody but only the input concentrations. However, from the
analysis of the ELISA data with the method described above,
which corrects for the proportion of virus-adsorbed antibody,
it was evident that only a minor proportion of antibody bound
to the coated virus in the plate (data not shown). Thus, we
replaced the free antibody concentration by the input antibody
concentration.

Affinity Spectra. Affinity spectra show relationships between
"binding capacity" (ordinate; expressed by OD values assessed in
ELISA) and dissociation constant (abscissa K4&) computed for
consecutive subsets of experimental points (for details see ref.
24). Each vertical line represents a single subset. Note that all
subsets yield Ka values within a narrow range, thus demonstrating
the homogeneity of the corresponding binding sites.

RESULTS
Derivation of Monoclonal Neutralizing Antibodies Against

VSV. To obtain a panel of defined monoclonal neutralizing
IgG antibodies against VSV(Ind), mice were immunized with
2 x 106 pfu (high dose) or 2 x 103 pfu (low dose) of VSV(Ind)
and their spleen cells were fused to P3X63Ag8.653 myeloma
cells on day 6 after primary infection, on day 12 (after a single
booster immunization on day 9) or on day 150 after regular
booster immunizations at intervals of 3 weeks (Fig. 1). Hybri-
domas were first screened by ELISA for binding of IgG to
purified VSV (day 6); since all antibodies specific for VSV
glycoprotein also neutralized VSV, the other hybridomas were
screened by neutralization (days 12 and 150).
Mapping of the Immunodominant Neutralizing Epitopes.

To map antigenic domains, competition assays were per-
formed by using infected cells expressing the neutralizing
epitope; this permitted easy separation of bound from non-
bound antibodies. A fluorescent second-stage antibody spe-
cifically detected mouse or rat monoclonal or polyclonal an-
tibodies which bound after competition with a given mouse
monoclonal antibody (Fig. 2). As expected, the higher the
neutralizing titers of the antibodies were, the less could their
binding be inhibited competitively (data not shown). Almost
all antibodies (about 90% of >60 rat or mouse monoclonal
antibodies) competed mutually (Fig. 2a); these findings thus
extended earlier studies with VSV(Ind) (25) showing three
partially overlapping epitopes which apparently form one sin-
gle major neutralizing antigen structure. This conclusion is
strongly supported by the fact that a single high-affinity mouse
monoclonal neutralizing IgG2a antibody (VI 48) successfully
competed with >95% of rat polyclonal neutralizing IgG (Fig.
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Panel n Parameter mean ± SEM mean Median

A (day 6, 6 Ka (8.0 ± 3.3) x 109 4.0 x 109 4.2 x 109
2X 106 pfu) kon (7.8 ± 3.9) x 107 3.9 x 107 7.1 x 107

Neut. titer-' 3530 ± 2260 426 126

B (day 12, 15 K. (2.0 ± 0.4) x 109 1.5 x 109 1.3 x 109
2X 106 pfu) kon (8.5 ± 4.1) x 106 2.3 x 106 3.6 x 106

Neut. titer-' 560 ± 316 134 174

C (day 12 21 Ka (2.0 ± 0.5) x 109 3.2 x 109 4.2 x 109
2x 10 pfu) kon (6.5 ± 1.9) x 106 2.5 x 106 4.5 x 106

Neut. titer' 260 ± 81 119 100

D (day 150, 5 Ka (4.0 ± 0.8) x 109 3.2 x 109 4.2 x 109
2X 106 pfu) kon (1.3 ± 0.6) X 107 4.2 x 106 9.6 x 106

Neut. titer- 672 ± 300 390 464

E (day 150, 15 Ka (3.2 ± 0.5) x 109 2.5 x 109 2.6 x 109
2x 103 pfu) kon (2.3 ± 0.6) X 107 7.1 x 106 1.1 x 107

Neut. titer-1 792 ± 306 200 283

F (all) 62 Ka (3.0 ± 0.4) x 109 1.8 x 109 2.3 x 109
kon (1.7 ± 0.4) x 107 4.2 x 106 6.3 x 106

Neut. titer1 821 ± 260 140 225

FIG. 1. Affinities (K., litermol-1), neutralizing capacities (ti-
ter-'), and on-rates (kon, litermol-ls-1) of monoclonal anti-

VSV(Ind) antibodies. The constants measured with each antibody are

listed directly above the number of the hybridoma. Hybridoma clones

were obtained by fusion of P3X63Ag8.653 myeloma cells to spleen
cells taken from BALB/c mice on day 6 after immunization with 2 x
106 pfu (high dose) of VSV(Ind) [clones 1-6 (A)], on day 12 after

immunization and booster infection on day 9 with 2 x 106 pfu (high
dose) [clones 7-21 (B)] or 2 x 103 pfu (low dose) [clones 22-42 (C)]
of VSV(Ind), or 150 days after immunization and booster infections

every 3 weeks with 2 x 106 pfu [clones 43-47 (D)] or 2 x 103 pfu
[clones 48-62 (E)] of VSV(Ind). (a) Affinity (equilibrium association

constant, Ka). (b) Neutralizing capacity, expressed as standardized

neutralizing titer of monoclonal antibodies with a starting concentra-
tion of 1 ,ug/ml. (c) Second-order on-rates (kon). (d) Statistics of the
constants of the individual monoclonal antibody panels (A-E) or of all
the antibodies (F).
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Competing antibodies
mAb Subclass
Vl 7 IgGl
VI 24 IgGl
VI 22 IgG2a
VI 48 IgG2a
VI 48 IgG2a

10

Detected antibodies,
no./no. tested

30/33 mouse IgG2a mAb
28/31 rat IgG mAb
28/31 rat IgG mAb
28/31 rat IgG mAb
95% of a rat day 8
polyclonal antiserum

100
Fluorescence

FIG. 2. Determination of the number of neutralizing epitopes on
VSV(Ind) by competitive inhibition studies. (a) Four mouse mono-
clonal antibodies (mAbs) were used in excess to compete against a
panel of 31 rat or 33 mouse mAbs or a rat polyclonal anti-VSV(Ind)
serum obtained on day 8 of a primary infection. Detected antibodies
were used at a concentration yielding 90% of maximal surface staining
of infected cells; successfully competed versus total number of tested
antibodies is indicated. (b) Fluorescence distribution of VSV(Ind)-
infected Vero cells after incubation with the detected rat polyclonal
IgG alone (--- ), the competing mouse mAb VI 48 and the detected
rat polyclonal antibodies (---), or the competing mouse mAb VI 48
alone ( ).

2b). Thus, not only the various monoclonal antibodies but also
the major fraction of a rat day 8 polyclonal neutralizing IgG
response ex vivo were specific for a single major epitope (Fig.
2b). The finding that neutralizing antibodies bound to one
major antigenic site made possible a comparison of their
physicochemical properties.
Measurement of Antibody Affinities and On-Rates. The

affinity of monoclonal antibodies was measured in a solid-
phase ELISA and on-rates were determined by measuring the
velocity of virus neutralization. The comparative analysis of 62
mouse monoclonal neutralizing antibodies (Fig. 3) revealed
that (i) affinities and on-rates correlated well with specific
neutralization titers and (ii) there was no significant difference
between the average specific antibody titers, affinities, or
on-rates of monoclonal antibodies obtained with the various
immunization protocols, including day 6 antibodies (Fig. 1). To
confirm the affinity measurement with a second, independent
method that measures affinity in solution, a competition assay

was performed. The apparent affinities of three representative
antibodies (VI 10, ELISA Kaff = 3 x 109 liter mol-1; VI 24,
ELISA Kaff = 4 x 109 liter mol- 1; VI 41, ELISA Kaff = 1.7 x
108 liter mol-1) were thus measured by determining the con-
centration of viral glycoprotein in solution required for half-
maximal competition for antibody binding (21); the apparent
affinities were within the same ranges (VI 10, Kaff = 5 x 109
liter mol-1; VI 24, Kaff = 5 x 109 liter mol-1; VI 41, Kaff = 2
x 108 liter-mol-1), differing only by a factor of .2 from the
ELISA results, as found previously in other model systems (26,
27).
The correlations between affinity (and on-rate) and neu-

tralizing capacity are not direct proof but are quite compatible
with the idea that one antigenic site is being recognized by
these IgG antibodies. To establish whether the high-affinity
binding detected by ELISA reflected monovalent binding,
modified affinity-spectra analysis was carried out over a 105-
fold range of concentrations (Fig. 4). The results indeed in-
dicate the occurrence of a single population with homoge-
neous binding as demonstrated by the Hill coefficient close to
unity for all investigated monoclonal antibodies (24). Scat-
chard plot analysis (Fig. 4), revealing a linear relationship, also
indicates a lack of cooperativity for the antibody tested (28).
These results were supported by the analysis of Fab fragments
of one monoclonal antibody (VI 24); comparison of affinities of
control undigested monoclonal IgG antibodies and Fab frag-
ments revealed values differing only by a factor of c2 (Fig. 4).
To confirm these results in a second assay system, Fv frag-

ments consisting of the variable region of the antibody VI 24
linked to a K light-chain constant (CK) domain were generated
by genetic engineering (29). These fragments bound to VSV
with the same affinity (even under reducing conditions to
prevent dimerization of Fv fragments) before or after
crosslinking with an anti-CK antibody, confirming the results
obtained with the Fab fragments in a chemically defined
situation (U.K., unpublished data). Therefore, at least this
selected, early (day 12) antibody binds to VSV monovalently
with high affinity. One of 10 antibodies tested (VI 41) did not
exhibit a linear Scatchard plot and therefore probably does not
bind to VSV monovalently.

DISCUSSION
We have analyzed numerous monoclonal VSV-specific IgG
antibodies that are representative of a complex antiserum.
Already on day 6 during a primary response IgG antibodies
against the unique neutralizing epitope on the VSV glyco-
protein exhibited high affinity with rapid on-rates. The quality
of this response did not improve further with respect to average
range of affinities, on-rates, and neutralizing capacity in a
time- and dose-dependent fashion. How can these findings for
a biologically defined epitope that is of key importance for
antiviral protection (12, 14, 15) be explained, how represen-
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FIG. 4. Binding of two monoclonal antibodies and one Fab frag-
ment to VSV. Shown are affinity spectra obtained within the concen-

tration range used in the binding experiments (10-4 to 10 ,ug of IgG
per ml) (Left) and Scatchard plots of the same experiments (Right). (a)
Antibody VI 1 (Ka = 2 x 1010 M-1). (b) Antibody VI 24 (Ka = 4 x
109 M-1). (c) Fab fragment of VI 24 (Ka = 2 x 109 M-1). In a, the
ELISA was performed with a goat anti-mouse IgG antibody; in b and
c, the ELISA was performed with a goat anti-mouse K chain.

tative are these findings, and how can they be compared with
those obtained with anti-hapten responses (1, 3-6, 30)?

Limitations of the Methods Used. Affinity measurements in
solution by equilibrium dialysis or quenching are applicable for
haptens (1) but cannot be performed for neutralizing epitopes
on a complex folded protein of 60 kDa. The solid-phase ELISA
method employed here (19, 20) is therefore not ideal but has
been established and validated by comparing affinities of anti-
bodies against the carcinoembryonic antigen (31). In addition,
we confirmed the results by measuring apparent affinities in
solution with a competition assay. For many antibodies no

cooperativity was observed in our solid-phase ELISA affinity
measurements. Experimental work (28) and mathematical
modeling (24) of the data confirmed monovalent high-affinity
antigen binding (Fig. 4). The data in Fig. 1 indicate no skewing
of measured affinity values. In addition, since affinities up to
2 x 1010 liter mol-1 could be measured (see antibody VI 1 in
Fig. la), significant increases in affinities should have been
detected and should at least have skewed the overall distribu-
tion of affinities toward higher values. This was not found, and
therefore the lack of affinity increases seems not to be due to
technical limitations of measuring affinities and on-rates (32).

It is important to emphasize that the question whether the
monoclonal antibodies bind to VSV with high affinity or
avidity is of great interest; but in vivo, this distinction between
affinity and avidity is probably not very important, since
specific B cells are selected by the virus and not by a mono-
valent antigen and exhibit therefore the same binding prop-
erties as in the ELISA (which uses purified virus).
The differences between haptens and VSV may be explained

by the antigen organization (i.e., repetitiveness of epitopes)
and structure and drastically different antigen kinetics after
immunization with haptens vs. virus infections. VSV is a

cytopathic, replicating antigen that is controlled initially by
interferons and neutralizing antibodies which are generated
with high efficiency within a few days after infection. Exper-
iments with inactivated virus and recombinant glycoprotein
suggest that an immunization dose of 2 x 106 pfu of live virus

corresponds to about 10 j,g of virus. In contrast, hapten-
carrier antigens in adjuvant usually are used at higher doses,
100-1000 ,ug. In addition, because of the adjuvant, hapten
antigens do not exhibit sharp antigen kinetics; antigen cannot
be eliminated efficiently from the depot and therefore anti-
bodies of higher affinity may be gradually selected. In contrast,
during infection with a poorly replicating cytopathic virus,
antigen concentration is about maximal during the first few
days when the immune response is initiated, and antigen is
eliminated quickly so that further overall affinity increase is
therefore negligible after day 6 [although VSV antigens do
persist on follicular dendritic cells (33)]. Nevertheless, even
repeated booster infections were not able to force further
increase of the average affinity of the antibodies. Memory
levels of neutralizing anti-VSV IgG titers are usually between
1:80,000 and 1:320,000, remain stable within factors of 2-4 for
>6 months, and do not increase by more than a factor of 4-8
after booster infections compared with the response after a
single injection. These findings further support the notion that
the overall quality of the neutralizing antibody response is
rather independent of the immunization protocol used.
How Could High-Affinity Antibodies to VSV Be Generated

So Early? First, it is noteworthy that the early (day 6) mono-
clonal antibodies were first selected by glycoprotein-specific
ELISA, but upon second testing they were all found to be
neutralizing. This observation and the evidence that VSV
particles behave like a specific T-help-independent antigen
(17) for IgM antibodies, as well as the collected sequence
information (U.K., unpublished work), suggest that VSV may
have evolved to induce neutralizing antibody responses pref-
erentially early and very efficiently against one unique anti-
genic determinant. Therefore, induction of high-affinity neu-
tralizing antibodies by some viruses may be considerably more
efficient than for other antigens, because many viruses pref-
erentially infect antigen-presenting cells (17) and/or trigger B
cells directly due to repetitive, organized neutralizing deter-
minants (17). In fact, induction of anti-hapten antibody re-
sponses is usually difficult (for exceptions see refs. 34 and 35),
since it requires the use of adjuvant and boosting (1, 3, 30).

Second, is the anti-VSV neutralizing antibody specificity
encoded by germline genes? We have found that a few neu-
tralizing antibodies use germline genes whereas others show
variable numbers of mutations (unpublished observations).
Since VSV is not considered to be a natural mouse pathogen,
the fact that a few neutralizing antibodies are germline-
encoded may indicate that the germline fixation of this spec-
ificity may be older than the speciation of the mouse and that
VSV has adapted to the available germline gene repertoire of
vertebrates in general. Alternatively and speculatively, could
the presence of high-affinity antibodies suggest that B cells
with the VSV neutralizing specificity somatically mutate ran-
domly very early, before day 6? VSV particles contain highly
organized VSV G that optimally crosslinks receptors of B cells
to induce them independently of T-cell help (17). Thereby, the
frequency of specific B cells increases about 1000-fold within
4-6 days and B cells may hypermutate. For the isotype switch
from IgM to IgG, cognate T-cell help is essential (18). When
T-cell help is induced by days 4-6, probably only the higher-
affinity B cells compete against the high-titered IgM antibod-
ies for the disappearing antigen. In this case, only these high-
affinity B cells can be triggered to switch from IgM to IgG by
day 6. In contrast to the anti-VSV response, we speculate that
in hapten systems (where this T-cell help-independent B-cell
proliferation and IgM production is not observed) the early
T-independent random hypermutation and the subsequent
T-dependent clonal selection cannot be separated.
How General Are the Presented Findings? Extensive qual-

itative analyses of antibody responses to viruses have not been
done. Analysis of secondary hemagglutinin (HA-Sb)-specific
monoclonal antibodies isolated from mice on day 24 after
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priming with influenza virus and boosting on day 21 revealed
examples of somatic point mutations leading to increased
avidity (36). Earlier studies involving complex sera described
enhanced crossreactivity patterns in the late antibody response
to influenza virus, also suggesting avidity changes during the
ongoing immune response (37). However, dose- and time-
dependent comparisons of antibody qualities have not been
made with a large antibody panel. We speculate that the type
of response found here for VSV is probably representative for
viruses or bacterial toxins that are controlled exclusively or
primarily by an early neutralizing antibody response (13). It is
likely that slow affinity maturation of antibody responses oc-
curs against other viruses that are initially primarily controlled
by cytotoxic T cells and not by antibodies [e.g., lymphocytic
choriomeningitis virus (38) and human immunodeficiency vi-
rus (39)]. The latter viruses may need to spread for a prolonged
time and therefore may have been selected to depend on slow
affinity maturation by extensive and prolonged somatic mu-
tation (40) before IgG antibodies reach affinities that are
protective in vivo.
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